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Summary
Broca’s area, a cerebral cortical area located in the inferior
frontal gyrus (IFG) of the human brain, has been identified
as one of several critical regions associated with the motor
planning and execution of language. Anatomically, Broca’s
area is most often larger in the left hemisphere, and func-
tional imaging studies in humans indicate significant left-lat-
eralized patterns of activation during language-related tasks
[1–3]. If, and to what extent, nonhuman primates, particularly
chimpanzees, possess a homologous region that is involved
in the production of their own communicative signals re-
mains unknown. Here, we show that portions of the IFG as
well as other cortical and subcortical regions in chimpanzees
are active during the production of communicative signals.
These findings are the first to provide direct evidence of the
neuroanatomical structures associated with the production
of communicative behaviors in chimpanzees. Significant ac-
tivation in the left IFG in conjunction with other cortical and
subcortical brain areas during the production of communica-
tive signals in chimpanzees suggests that the neurological
substrates underlying language production in the human
brain may have been present in the common ancestor of
humans and chimpanzees.
Results and Discussion
Two cerebral cortical areas in the left hemisphere are most
commonly associated with language functions. The first, com-
monly referred to as Wernicke’s area, is a receptive region for
the processing and integration of auditory sensory information
[4], and the second, known as Broca’s area, is a productive
region concerned with the encoding of vocal signals into
meaningful words and sentences [5]. In other words, Broca’s
area functions primarily in the planning and execution of
speech, whereas Wernicke’s area functions to make sense
of the speech that a listener perceives. However, this classic
modular view of linguistic processing is now considered
somewhat dated [6], and it is evident that both cortical as
well as subcortical structures and circuits play essential roles
in speech production and perception [7, 8]. Notwithstanding,
recent data confirm that left lateralization for linguistic pro-
cessing is functionally significant [9], modality independent
*Correspondence: jtaglia@emory.edu[10–12], and is associated not merely with the perception or
production of utterances but with their meaning [13]. It has
been suggested that this hemispheric specialization for lan-
guage evolved from a lateralized manual communication sys-
tem that arose in a common human and chimpanzee ancestor
[14]. Consistent with this theory are data that indicate that
chimpanzees intentionally and referentially communicate via
manual gestures [15, 16] and, like humans, preferentially use
their right hand for communicative gestures [17]. However,
more recent data indicate that chimpanzees also use novel
sounds to capture the attention of a human and alter the pro-
duction of their vocal signals as a function of the communica-
tive demands of a situation [18, 19]. These results suggest that
chimpanzees intentionally produce manual gestures as well as
vocal signals to communicate with humans, and although
these signals are manifest in different modalities, their com-
municative function is the same.
Human-like left hemisphere neuroanatomical asymmetries
also have been identified in both the IFG and the posterior tem-
poral lobe of the chimpanzee brain [20, 21], regions considered
homologous to Broca’s and Wernicke’s areas, respectively.
For the IFG, leftward asymmetry is more pronounced in indi-
viduals that preferentially produce manual gestures with their
right hand compared to those apes that do not show consis-
tent hand use [22]. Despite this association between hand
use for gestures and morphological asymmetries in the chim-
panzee IFG, the functional role, if any, of the IFG in chimpanzee
communication remains unknown. Indeed, data on the neural
systems involved in gestural or vocal production in great apes,
most notably chimpanzees, are virtually absent in the scientific
literature yet are critical for understanding the evolution of
language.
Here, we used positron emission tomography (PET) to ex-
amine the neural correlates of the production of communica-
tive gestures and vocal signals in chimpanzees. We chose to
focus on communicative signals directed toward humans
given that previous research has demonstrated that chimpan-
zees and other great apes reliably produce manual communi-
cative gestures but only when a human is present and visually
oriented toward the subjects [16, 23–28]. In addition, chimpan-
zees (and other great apes) consistently produce vocalizations
and other nonvocal acoustic signals, such as hand clapping,
as a means of capturing the attention of an otherwise inatten-
tive social agent [16, 24, 27]. In other words, the production of
these communicative signals is initiated by the apes, self-
paced, and not bound to a particular context or emotional
state.
For this study, three subjects participated in two 40 min be-
havioral tasks (see Experimental Procedures). Each task began
with the subject consuming a radioactive ligand, 18F-fluoro-
deoxyglucose (18F-FDG), that had been diluted in a small
amount of a sugar-free flavored drink mixture. Subsequently,
for the experimental condition (GV), a cache of food was placed
outside the subject’s home enclosure with the intermittent
presence of a human in order to elicit the production of commu-
nicative gestures and vocal signals during the 18F-FDG uptake
period. In order to remove the potential influence of general
motor actions on PET uptake, the subjects also participated
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344in a second baseline reach and grasp task (BL) in which both
the human experimenter and the food were present, but the
task did not elicit any communicative behaviors in the apes.
In order to isolate the neural correlates of the communicative
behaviors, PET data from the BL task were subtracted from
the GV task, resulting in a comparison activation (GV > BL). Sig-
nificant areas of activation (GV > BL) were identified by using
paired sample t tests (tR 4.31, p < 0.025; one-tailed test).
All three subjects produced both gestures and vocalizations
in the GV task during the 40 min uptake period (see Table S1
available online), although the frequency of vocal production
far exceeded that of gestures. Whole-brain analyses revealed
significantly greater activation in the GV condition compared
with the BL in a number of brain regions (see Table 1 and Fig-
ures 1 and 2), including the left IFG and caudate/putamen,
bilateral posterior cingulate gyrus and prefrontal cortex, and
right lateral cerebellum (not shown in Figure 2). To determine
if the observed activation in the left IFG and other regions
were significantly lateralized, the average comparison volume
(GV > BL) for all three subjects was flipped on the left-right axis
and subtracted from the correctly oriented volume. Significant
lateralized areas of activation (tR 4.31) are depicted in Figure 3
overlaid on the MR image of a representative chimpanzee
brain. A comparison of these images with the activations de-
picted in Figure 2 indicate that the results of the lateralization
analysis are largely consistent with the whole-brain data. Spe-
cifically, significant lateralized activity was observed in the left
IFG, left caudate/putamen, and the right middle frontal gyrus.
Given the procedural challenges involved with conducting
PET with chimpanzees, three subjects were included in our
study. This, to some extent, limits the statistical power that
would be possible for an individual analysis. Therefore,
whole-brain analyses were conducted on the three subjects
collectively. The fact that significant areas of activation were
identified suggests consistency in activation among the
subjects. However, for illustrative purposes, standardized
whole-brain PET activations from each individual subject
(GV > BL) overlaid on an MR image of a representative chim-
panzee brain are available online as supplemental movies.
These results suggest that subcortical and neocortical areas
are active concurrently during the production of communica-
tive manual gestures and vocal signals in chimpanzees—a
finding that bears some similarities to the neural mechanisms
involved in the production of language [7]. Recent studies in
macaque monkeys have reported asymmetric activity of
Table 1. Significant Areas of Activation, tR 4.31, for GV > BL
Region t Statistic x (mm) y (mm) z (mm)
R lateral cerebellum 5.00 28 76 68
R inferior/middle temporal gyrus 5.52 34 41 59
R superior parietal gyrus 5.81 5 75 22
R superior frontal gyrus 5.36 5 53 15
R middle frontal gyrus 5.19 20 33 18
B superior frontal gyrus 5.96 21 15 42
6.16 21 18 27
B posterior cingulate gyrus 6.29 2 76 35
L inferior temporal gyrus 4.68 222 38 67
4.92 238 58 58
L parahippocampal gyrus 5.20 218 62 59
L lateral orbital gyrus 5.47 220 27 43
L caudate/putamen 5.17 213 44 44
L inferior frontal gyrus 4.97 218 37 27
L precentral gyrus 5.37 214 56 16
L postcentral gyrus 4.69 219 66 21cortical regions after passive listening to conspecific vocaliza-
tions including the proposed Broca’s area homolog ([29, 30],
but see [31] for a critique). However, these studies did not ex-
amine the production of communicative signals by the mon-
keys. Previous research that has focused on vocal production
in monkeys found that cortical lesions to the neuroanatomical
homolog of Broca’s area had no effect on vocal behavior [32,
33], although stimulation of this area does result in orofacial
movements in macaque monkeys [34]. The fact that chimpan-
zee communicative signaling activates both subcortical and
cortical structures, in conjunction with data that indicate these
signals are referential and produced intentionally, suggests
that the precursors to human language are present at both
the behavioral and neuroanatomical levels.
It is important to note that during the uptake period, the
chimpanzee subjects produced manual gestures as well as
a variety of vocal signals. Therefore, the independent effects
of these communicative signals on neural metabolic activity
cannot be isolated. Pragmatically, this is challenging because
the co-occurrence of gestures and vocalizations is quite com-
mon in our subjects [35], and we have not made attempts to
specifically train the chimpanzees to produce only one of
these behaviors within a given uptake period. Indeed it would
be possible to train the chimpanzees to produce one, and only
one (e.g., either a gesture or a vocalization, but not both), of
these signals or even to produce only a single vocalization type.
However, it is possible that this training might compromise the
Figure 1. Three-Dimensional Reconstructions of Magnetic Resonance
Images of a Representative Chimpanzee Brain
(A) Illustrated is a three-dimensional-rendered MR image of chimpanzee
brain cut in to reveal the axial view. ‘‘x’’ and ‘‘y’’ indicate the orthogonal
planes (sagittal and coronal, respectively) referred to in Figure 2. Arrow
directions refer to ascending slices displayed in Figure 2.
(B) The z axis indicates the axial plane referred to in Figure 2.
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PET activation (GV > BL) was overlaid on MR images of representative chimpanzee brain. ‘‘x,’’ ‘‘y,’’ and ‘‘z’’ refer to the planes described in Figure 1. Mea-
surements refer to the depth from the dorsal tip of the brain (z, dorsal to ventral), distance from frontal pole (y, anterior to posterior), or distance from
midsagittal (x, ascending positive values correspond to the right hemisphere, medial to lateral; ascending negative values correspond to the left hemi-
sphere, medial to lateral). Panels display axial (A), coronal (B), and sagittal (C) views of MR images with significant GV > BL activation. Numbers correspond
to the following anatomical locations: 1, bilateral superior frontal gyrus; 2, left inferior frontal gyrus (depicted in large bold type); 3, bilateral posterior cin-
gulate gyrus; 4, left caudate/putamen; 5, left medial pre- and postcentral gyrus; 6, left frontal orbital gyrus; 7, left thalamus; 8, right middle temporal gyrus;
9, right middle frontal gyrus. Note that not all areas of activation are labeled in all planes. See Table 1 for a complete list of regions with significant GV > BL
activation.functional communicative relevance of these signals. There-
fore, our aim was to capture the neurological correlates of
these communicative behaviors in the chimpanzees and not
necessarily the signal’s modality of production.
The total number of actions produced in the GV and BL tasks
did differ among the subjects and between the tasks (seeTable S1). As described above (and in the Experimental Proce-
dures), the chimpanzees in the GV and BL tasks were, more
or less, self-paced. Therefore, the number and type of signals
produced as well as their modality in the GV and BL tasks and
the number of grasping responses in the BL task were not di-
rectly under the control of the experimenter during the uptake
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subject’s motivation and arousal state did not differ signifi-
cantly between the GV and BL tasks, enabling us to isolate
neuronal metabolic activity related to the production of com-
municative signals. The number of communicative signals pro-
duced by all of the subjects in the GV task far exceeded those
produced in the BL task (see Table S1). Moreover, within the
BL task, the number of reach and grasp responses produced
by each subject far exceeded the number of communicative
signals produced. In addition, the chimpanzee subjects did,
in fact, produce various types of vocal signals in the GV condi-
tion, although the occurrence of attention-getting sounds in
this condition far exceeded that of other vocalizations (Table
S1). Therefore, although it is not possible to distinguish the rel-
ative influence of the communicative modality (vocal or manual
gesture) or the call type produced (attention-getting or other
types of vocalizations) on the observed neuronal metabolic ac-
tivity, consideration of the GV > BL tasks succeeded in isolat-
ing the communicative behaviors of the subjects relative to
their manual motor actions.
Although these data indicate that the left IFG is involved in
the production of communicative signals in chimpanzees, cy-
toarchitectonically, it is not clear what cell types fully comprise
this region [36]. Therefore, it is not possible to determine
whether or not the neuronal metabolic activity reported in
Figure 3. Significant Lateralized Activation
The average comparison volume (GV > BL) from all three subjects was flip-
ped on the x axis (i.e., right-left) and then subtracted from the correctly ori-
ented volume. A t map volume was then calculated from this subtracted vol-
ume (see the Experimental Procedures) and significant areas of activation
identified, tR 4.31. The figure depicts PET activation overlaid on MR images
of representative chimpanzee brain. ‘‘x,’’ ‘‘y,’’ and ‘‘z’’ and corresponding
values refer to the planes and the anatomical locations described in Figures
1 and 2. Values indicate significantly lateralized activity in that hemisphere
(i.e., cluster in RH of brain indicates right hemisphere activation is greater
than activation in corresponding area in the left hemisphere).this study corresponds to an area within the chimpanzee IFG
that contains Brodmann’s area 44/45 cells—those cells that
comprise Broca’s area in humans. In fact, additional areas of
significant activation are observed in the frontal orbital gyrus
and the frontal pole (Figure 2). Additional work is needed to
explore the significance of these areas of activation. Notwith-
standing, these data clearly implicate the left IFG and sur-
rounding tissue within the prefrontal cortex and represent
the first findings of the neural correlates associated with the
production of communicative signals in chimpanzees.
Recently, it has been reported that the left IFG in humans is
involved in both speech and American Sign Language produc-
tion, suggesting that the functional role of this region is modal-
ity independent [12]. The fact that during the production of their
communicative signals, chimpanzees show significant activa-
tion in the left IFG in conjunction with other subcortical regions
known to have strong connections to the prefrontal cortex [7,
37, 38] suggests that the neurological substrates underlying
language production in the human brain may have been pres-
ent in the common ancestor of humans and chimpanzees.
Experimental Procedures
All aspects of this study were conducted in accordance with ethical
guidelines associated with the care and use of nonhuman primates and
with the approval of the Emory University Institutional Animal Care and Use
Committee.
Subjects
Subjects were three captive-born chimpanzees including one male and two
females between the ages of 14 and 18 years.
Behavioral Tasks
For the communication production task (GV), each subject was separated
from his or her social group but remained in his or her home enclosure
and consumed the 18F-FDG. A human experimenter would then approach
the subject and place a cache of food (1 quart plastic container containing
20–30 small frozen cubes of approximately 2 fl. oz. of sugar-free flavored
drink mixture) just outside the subject’s home enclosure at a distance of
less than 1 m but beyond the subject’s reach. Previous research in our lab-
oratory has demonstrated that the chimpanzees are likely to produce both
manual gestures and vocalizations in these contexts [18, 24, 27]. The human
experimenter would remain seated in front of the subject’s enclosure for
2 min. The experimenter would verbally acknowledge the subject’s commu-
nicative signals but would not give any of the frozen drink cubes to the sub-
ject. At the end of the 2 min block, the experimenter would respond to the
subject’s next communicative signal by offering a small frozen-drink cube
to the subject. The human experimenter would then leave the area, taking
the container of frozen-drink cubes. After a 2 min interval, the experimenter
would return with the container of frozen drink cubes, once again placing
them in front of the subject’s enclosure. This procedure was repeated for
the duration of the uptake period (40 min).
For the unilateral grasping task (BL), subjects were required to unilaterally
grasp small stones placed in their cage. As in the GV task, each subject was
separated from his or her social group but remained in his or her home
enclosure and consumed the ligand. The human experimenter then ap-
proached the subject’s enclosure, sat down in front of the subject, and
placed 20 small stones inside the enclosure. The subjects had been trained
previously to grasp each stone, one by one, and hand them back to the ex-
perimenter. After all 20 stones had been returned to the experimenter, the
experimenter verbally praised the subject and offered him or her a small fro-
zen-drink cube. A 1 min interval of inactivity was then observed during which
the subjects remained seated quietly in their home cage. After the 1 min in-
terval, the human again placed 20 stones in the subject’s enclosure and the
procedure was repeated. The total number of grasping responses varied
across subjects, but all subjects performed a significant number of grasps
during the uptake period (Table S1).
For both the GV and BL conditions, subjects were housed in their home
enclosures for the duration of the uptake period. Although physically sepa-
rated from their social group, the subjects were able to hear conspecifics,
and as mentioned above, the human experimenter did provide a limited
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done to minimize any stress that would have been associated with placing
the chimpanzees in an unfamiliar environment while simultaneously at-
tempting to preserve the authenticity of the communicative interaction.
With the exception of the limited speech produced by the experimenter,
background noises (e.g., building mechanical equipment), and the rare oc-
currence of a conspecific vocalization, subjects in both conditions had very
limited auditory input. Moreover, the limited sounds that were heard by the
subjects did not differ systematically between conditions. Prior to scanning,
chimpanzee subjects had been trained with positive-reinforcement tech-
niques to present for an injection. After the behavioral tasks, subjects volun-
tarily presented for an intramuscular injection of an anesthetic agent and
were transported to the PET imaging facility.
PET Procedures
Subjects were administered 18F-fluorodeoxyglucose (18F-FDG) at a dose of
20 mCi. FDG was selected as the ligand because of its relatively long uptake
period (w80 min) and long half-life (approximately 110 min). Thus, just as
other investigators have done previously, we capitalized on these features
of 18F-FDG because they allowed for prolonged behavioral testing during
the uptake period and a relatively long time frame to capture neural activity
trapped in the cells between the termination of uptake and the interval of
time needed to transport and scan the chimpanzees. Previous studies
have used nearly identical procedures to scan other nonhuman primate
species and have revealed significant and consistent patterns of PET
activation [39–41].
Chimpanzees consumed 0.24 ml of 18F-FDG that was diluted in approxi-
mately 100 ml of a sugar-free flavored drink mixture. The subjects then par-
ticipated in the behavioral task for 40 min. After the 40 min uptake period,
chimpanzees were asked to voluntarily present for an intramuscular injec-
tion of Telazol (4 mg/kg). Once anesthetized, chimpanzees were trans-
ported to the PET imaging facility. For the duration of the PET scan, chim-
panzees remained anesthetized with Propofol administered intravenously
and diluted in lactated ringers at a dose ofw10 mg/kg/hr. After completing
PET procedures, the subjects were returned to the Yerkes National Primate
Research Center (YNPRC) and temporarily housed in a single cage for ap-
proximately 18 hr to allow the effects of the anesthesia to wear off and radio-
activity to decay. Subjects were then returned to their home cages with their
social group.
The PET images were acquired on a High Resolution Research Tomo-
graph (CPS HRRT; CTI/Siemens, Inc.) approximately 1 hr and 35 min after
ingestion of the 18F-FDG. Recall that 40 min of this time period constituted
the uptake period; thus, the remaining 55 min constituted the time between
the injection of anesthesia, transport to and from the PET imaging, and the
PET scan duration (approximately 30 min). Scan procedures were identical
for all subjects. Chimpanzees fasted for approximately 5 hr prior to 18F-FDG
administration and were rewarded with only minimal amounts of frozen
sugar-free flavored-drink cubes during the uptake period. Subjects were
placed in the supine position inside the scanner. Six minute transmission
scans were followed by 20 min emission scans. Scan parameters were iden-
tical for all subjects: axial FOV = 24 cm, transverse FOV = 31.2 cm, and slice
thickness = 1.21875 mm. Transaxial spatial resolution FWHM is 2.4 mm at
the center and 2.8 mm 10 cm from the center. After scanning, a post recon-
struction 2 mm smooth was applied to the images.
MRI Procedures
Magnetic resonance images (MRI) were collected from each subject with
a 3.0 Tesla scanner (Siemens Trio) at the YNPRC. T1-weighted images
were collected with a 3D gradient echo sequence (pulse repetition = 2300 ms,
echo time = 4.4 ms, number of signals averaged = 3, matrix size = 320 3
320). The archived MRI data were transferred to a PC running Analyze
7.0 (Mayo Clinic) software for postimage processing. MRI scans were
then aligned in the axial plane and cut into 1 mm slices with Analyze 7.0.
Image Processing
The individual PET images were spatially aligned to their respective MR im-
ages by using 3D voxel registration with a linear transformation (Analyze 7.0,
Mayo Clinic). Once aligned, each subject’s MRI was used to outline the brain
on the PET image in each and every slice in the axial plane. An average PET
activation was then calculated based on the registered activity within these
slices. Once the mean activation for the whole brain had been computed,
each voxel within that entire volume was divided by the mean activation in
order to obtain a normalized PET image. Next, images were smoothed
with a low-pass filter with an isotropic 6 mm kernal. Difference volumeswere then calculated by subtracting each subject’s normalized BL task
from their normalized GV task. The three difference volumes were then spa-
tially registered to one another and a single average PET volume calculated.
Whole-brain analysis was conducted for the three subjects collectively by
using Analyze 7.0 (Mayo Clinic). Significant areas of activation were identi-
fied by calculating a single t-map volume and using a threshold value of
t = 4.31. Significant clusters were identified as three or more contiguous
voxels on three or more consecutive 2 mm slices in the axial plane with
intensity valuesR4.31 (i.e., 9 voxels total; 72 mm3).
Supplemental Data
One table and nine movies are available at http://www.current-biology.com/
cgi/content/full/18/5/343/DC1/.
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